O 3 /Fenton for the treatment of effluent containing Reactive Yellow X-RG is investigated. The response surface methodology is applied to study the main and interactive effects of the parameters. With the initial dye concentration being controlled at 300 mg L À1 , the optimized conditions for wastewater treatment are 3.68, 29.19 and 18.49 mg min À1 for initial pH, mole ratio of [H 2 O 2 ]/[Fe 2þ ] and ozone dosage, respectively. The regression quadratic model well describing the degradation efficiency of O 3 /Fenton process is developed and validated by the analysis of variances, respectively. In addition, a possible pathway for Reactive Yellow X-RG degradation is proposed by detecting the temporal evolution of intermediates in the solution, with the use of some techniques including ultraviolet spectrophotometric method (UV-Vis), Fourier transform infrared spectroscopy (FT-IR) and gas chromatography-mass spectrometry (GC/MS).
INTRODUCTION
Dyes have the synthetic origin and complex aromatic molecular structures. These structures make them more stable and more difficult to be biodegraded. During manufacturing and textile printing, the dyes may not be entirely used, and some may be directly released into the environment (He et al. ) , causing high concentrations of dyes in wastewater. The treatment of treating dyes wastewater from textile and dyestuff industries is not easy to find (Nguyen & Juang ). Advanced oxidation processes (AOPs) involving Fenton's reagent, ozone, plasma and hydrogen peroxide in a single or combined action process have been widely acknowledged as the efficient alternative which is reliable in treating refractory organic loading and non-biodegradable wastewaters such as dyes wastewater, owing to its highly reactive and non-selective primary oxidant, hydroxyl (•OH) radical (Glaze et As one of the AOPs, ozone has gained increasing attention because of its stronger oxidability and less selectivity to degrade the pollutants (Kusvuran & Yildirim ) . However, ozone also reacts slowly with certain organic substances such as inactivated aromatics or saturated carboxylic acids, and in many cases does not completely mineralize these organic compounds (Beltran et al. ) . Therefore, its effectiveness can be improved through the use of advanced oxidant materials and techniques such as Fe 2þ , H 2 O 2 . For example, the combined Fe 2þ /O 3 and O 3 /H 2 O 2 systems used to treat wastewater have been reported. Zhang et al. () studied the decolorization efficiency and kinetics of typical reactive azo dye RR2 in Fe 2þ /O 3 system. Also, Zeng et al. () used response surface methodology (RSM) to optimize degradation process of acidic phenol wastewater with Fe 2þ /O 3 in a rotating packed bed reactor. It was found that the adding Fe 2þ was used to catalyze ozonation process to generate •OH radical (Akbari et al. ) . In terms of O 3 /H 2 O 2 system, Domenjoud et al. () analyzed the performances of two methods based on ozone alone and O 3 /H 2 O 2 which were used to treat municipal wastewater effluents. However, the study demonstrated that the degradation rate was not increased obviously in O 3 /H 2 O 2 system compared with ozone alone in the same treating time. Xing et al. () combined the moving bed biofilm reactors with O 3 /H 2 O 2 to treat pharmaceutical wastewater. The high removal efficiency could be obtained but it needed a lot of total reaction time.
Actually, Fenton oxidation has the high efficiency for degradation of organic pollutants and decolorization of dyes because the redox reaction between the Fe 3þ /Fe 2þ -couple and H 2 O 2 generates highly reactive hydroxyl and peroxide radicals (Lucas & Peres ; Lin et al. ) . Therefore, in order to improve the degradation effectiveness in shorter time, Fenton can be chosen to combine with ozone to treat wastewater (Suh & Mohseni ; Barndõk et al. ) . In regard to O 3 /Fenton system, some works have been reported. Li et al. () used O 3 /Fenton process to treat simulated amoxicillin wastewater in a rotating packed bed. They studied the chemical oxygen demand (COD) removal rate and degradation pathways. Bober et al. () also verified the high oxidation rate of microcystin-LR degradation by the addition of Fenton into the ozonation process. Abu Amr & Aziz () treated the stabilized leachate by using the O 3 /Fenton process and found that the degradation efficiency increased while O 3 consumption decreased.
However, the process parameters will also determine the performance of O 3 /Fenton system. For example, excess quantities of hydrogen peroxide (H 2 O 2 ) will generate chemical sludge and the corrosive acid pH is required for the process (Pignatello et The RSM is especially suitable for complex problems where the relationship between the response and the independent variables is unknown (Guven et al. ; Silva & Rouboa ) . It is important to optimize the degradation process, but it is of equal importance to study the mechanism of degradation because it provides fundamental supports for practical applications and theoretic research. Elucidating oxidation mechanism will be an essential and practicable way to study the degradation process, too.
Various studies have focused on removal of dye by different study methods such as kinetic (Zhang et al. ) , quantitative structure activity relationship models (Zhu et al. ) and effects of process parameters (Cheng et al. ) . However, few works have reported organic pollutant degradation based on analyzing formation mechanism of intermediate products. In addition, no comprehensive study, involving performance optimization, degradation pathway and formation mechanism of intermediate products, has been observed in literature for the degradation of Relative Yellow X-RG so far.
In this study, an approach, which combines the use of O 3 with Fenton for wastewater treatment, is studied. Relative Yellow X-RG is regarded as the example of contaminants. RSM based on the Box-Benhken design (BBD) is employed to establish relationship between degradation efficiency and variables (pH, mole ratio and ozone dosage). The quadratic polynomial equation is developed with the experimental results. The optimal O 3 /Fenton reaction conditions are obtained and validated. In addition, main reaction intermediate products of the Relative Yellow X-RG are detected by ultraviolet spectrophotometric method (UV-Vis), Fourier transform infrared spectroscopy (FT-IR) and gas chromatography-mass spectrometry (GC/MS) analysis during the degradation process in O 3 /Fenton system. The formation mechanisms of main intermediate compounds are discussed in detail as much as possible and every step with detailed chemical reaction equations is provided. Eventually, a general potential pathway of the Relative Yellow X-RG degradation is suggested.
MATERIALS AND METHODS

Chemical
All used chemicals are of analytical grade. Reactive Yellow X-RG (C 21 H 13 C l2 N 7 O 7 S 2 Na 2 , λ max ¼ 389 nm) is selected as a model dye (Jiangsu Zhenyang Co., Ltd, China). Fenton reagent involves granular ferrous sulfate (FeSO 4 . 7H 2 O) (Jiangsu Qiangsheng Chemical Co., Ltd, China) and hydrogen peroxide solution (30%, w/v) (Jiangsu Zhongshi Chemical Co., Ltd, China). Double distilled water is used throughout the study. The pH of the solution is adjusted with either dilute H 2 SO 4 (0.1 M, Shantou Xilong Chemical Co., Ltd, China) or NaOH (0.5 M, Shanghai Chemical Co., Ltd, China).
Experimental design
All experiments were carried out at batch mode using the reactor with a working volume of 250 mL. Experiments were performed at room temperature. Ozone was produced by electrical discharge using oxygen in a laboratory ozone generator (WH-K-3.5, Jiangsu Nanjing Wohuan Technology Co., China) and the ozone was continuously bubbled into the solution. The flow rate was controlled by glass rotameter. At the same time, certain quantity of FeSO 4 . 7H 2 O (0.01 g) was added into the simulated dye wastewater, and then hydrogen peroxide solution was added to initiate the reaction (V (H2O2) ¼ 0.0375 mL, 0.1 mL, 0.15 mL and 0.3 mL, the mole ratio of [H 2 O 2 ]/[Fe 2þ ] ¼ 10:1, 27:1, 40:1 and 80:1, respectively). In addition, the mixture of the solution was provided by a magnetic stirrer.
Decolorization efficiency
Samples are withdrawn from the reactor at different times and the removal of color is evaluated by determining the absorbance of the solution at λ max ¼ 389 nm using UV-Vis spectrophotometer (752N, Shanghai Shunyu Hengping Technology Co., China). From these data, the apparent dye concentration is obtained and the decolorization efficiency (η, in %) is calculated according to Equation (1),
where the c 0 and c t are the absorbency of the sample at time 0 and t, respectively.
All the experiments are conducted at least three times and the experimental data are the average of at least three measurements.
Characterization of degradation sample
UV-Vis
Ultraviolet spectrophotometric method is an analytic method of the material electron spectrum. The UV-spectra of wavelength range for measurement is from 200 to 600 nm.
FT-IR
The FT-IR is used to detect the functional groups of the materials. The Reactive Yellow X-RG (10 mg L À1 ) is prepared and degraded by O 3 /Fenton. The samples are well blended with KBr and then desorbed at room temperature and eventually pressed to obtain IR-transparent pellets. By using KBr disk technique, the FT-IR spectra of the samples before and after degradation are obtained with a FTS 6000 FT-IR spectrometer in the range of 4,000-400 cm À1 , respectively.
GC/MS
In order to identify Reactive Yellow X-RG dye degradation products, GC/MS analyses are performed. After O 3 /Fenton, sample solutions are filtered and extracted three times. Then the above solutions are concentrated by evaporation of the solvent to a volume of about 10 mL. The final sample is analysed in a GC/MS instrument (Finnigan PolarisQ). absorption spectrum. With the extension of time, the optical density in the solution of Reactive Yellow X-RG decreases. Meanwhile, the peaks gradually disappear. It demonstrates that the azo group bound has been destroyed. According to the theory of organic spectrum and the structure of the dye, we can learn that azo groups bound, benzene ring and naphthalene ring formed a conjugated system, which results in redshift of absorption peak. Due to the destruction of the conjugated double bond, the energy increases during electron transition, which results in blueshift of absorption peak over time. The benzene ring is determined by the absorption peak of the original sample at 260 nm. However, the peak gradually decreases with the extension of time, which demonstrates that the destruction of the benzene ring is broken (Gutowska et al. ) . The characteristic absorption peaks correspond to the structures of naphthalene and triazine (Zhu et al. ) .
RESULTS AND DISCUSSION
Spectrum analysis
UV-Vis
FT-IR
Figure 1(b) shows the FT-IR spectra for the O 3 /Fenton system. The FT-IR spectrum of the initial Reactive Yellow X-RG, a fairly apparent peak is observed at 1543.77 cm À1 due to the N ¼ N vibrations, which decreases and disappears after ozonation. A peak at 1635.61 cm À1 forms, which indicates that the naphthalene nucleus is broken and the benzene ring forms. It also demonstrates that the triazine ring is broken and a more stable substance forms. The peak at 1126.58 cm À1 indicates the presence of sulfate ion. According to the analysis, the Reactive Yellow X-RG can be completely degraded and the process can be considered as an oxidation reaction of •OH radical. By comparison, the number of absorption peaks significantly reduces and the infrared characteristic absorption peak greatly changes after the reaction, which shows that the change of infrared absorption is due to the damage of structures of Reactive Yellow X-RG.
O 3 /Fenton treating Reactive Yellow X-RG
Effects of initial pH on the removal rate of Reactive Yellow X-RG Solution pH is a vital factor in the O 3 /Fenton system. Before experiment, the pH values of Reactive Yellow X-RG solutions are adjusted to 1, 3, 6.5, 9 and 12 and the degradation rates in the solution are monitored. Figure 2(a) demonstrates the effects of pH value on Reactive Yellow X-RG degradation. Ozone reaction alone does not have much dependence on pH no matter whether it is acidic or alkaline solution.
When the pH is very low, excess H þ will react with •OH radicals which are produced during the reaction process. Thus, •OH radicals are consumed and the reaction rate is affected. However, Fenton has high catalytic activity under acidic conditions (pH ¼ 2-4) which are helpful for Fenton to promote the formation of •OH radicals, so the degradation efficiency is high in acidic solution. As the pH increases, Fe 3þ ions will precipitate as oxides or hydroxo-oxides and the amount of Fe will rapidly reduce. Thus, the concentration of •OH radicals is very low in comparison to that of Fe 3þ ions. Therefore, the degradation rate shows the increasing tendency and decreases quickly. Meanwhile, as can be seen from Figure 3 , the apparent rate constant of pseudo-first-order kinetics (k obs ) firstly increases then decreases with the increase of pH. When pH is 3, both the k obs value and degradation rate are the highest. 
Effects of initial concentration on the removal rate of Reactive Yellow X-RG
The changes of the Reactive Yellow X-RG concentration (300, 400, 500 and 600 mg L À1 ) during degradation are shown in Figure 2(c) . The low dye concentration can achieve high degradation efficiency. According to the study of Chakrabarti & Dutta (), the increase in dye concentration can lead to the association between dye molecules. High initial concentration of Reactive Yellow X-RG has the inhibitory effect on producing •OH radicals. Degradation rate of Reactive Yellow X-RG drastically declined when the concentration is high, so it is necessary to choose suitable concentration of dye to degrade, during which both time and efficiency should be taken into consideration.
Effects of ozone dosage on the removal rate of Reactive Yellow X-RG
In the O 3 /Fenton system, O 3 plays an important role in degradation, especially when the solution is alkaline. In order to make full use of Fenton, the pH is set in 3. From Figure 2(d) , the degradation rate gradually increases with the increase of the ozone dosage. Degradation rate is 76.1% when the ozone dosage is 5.19 mg min À1 . However, degradation rate reaches to 93.1% when the dosage is 10.37 mg min À1 . It can be seen that the degradation rate rises by 17% during same treatment time. It suggests the synergistic oxidation effect is significant. However, the degradation effect which is brought by the 10.4 mg min À1 of ozone dosage is nearly close to that when ozone dosage is 19.44 mg min À1 . This phenomenon can be explained as follows: the •OH radicals are surplus in the solution and the dissolved O 3 in the solution is also saturated when the ozone dosage is up to a certain value. In the experiment, it is not necessary to increase the ozone dosage excessively. The ozone dosage at about 10 mg min À1 can meet the requirement of degradation.
Synergistic effect of O 3 /Fenton
As can be seen from Figure 4, There are three main independent variables according to the above experimental analysis of each single factor, which is initial pH (X 1 ), mole ratio of [H 2 O 2 ]/[Fe 2þ ] (X 2 ) and ozone dosage (X 3 ). Then the RSM based on Box-Behnken design (Box & Draper ) is applied to investigate the interaction effects of three variables. The low, center and high levels of each variable are designated as À1, 0, þ1, respectively, as illustrated in Table S1 (available with the online version of this paper) (Pham et al. ) . The degradation rate is an objective response value, using the Design Expert 8.0, carried out in randomized order to design the relative experiments, which takes 5 min reaction. Details of the designed experiments with actual and predicted values of the response are shown in Table 1 . The empirical second order polynomial Equation (2) is developed in terms of the three variables: Degradation(%) ¼ 62:63660 þ 1:29820X 1 þ 0:49581X 2 þ 0:44444X 3 À 1:20 × 10 À3 X 1 X 2 þ 1:23239 × 10 À3 X 1 X 3 À 6:0019718 × 10 À4 X 2 X 3 À 0:16964X 2 1 À 7:70267 × 10 À3 X 2 2 þ 0:015886X 2 3
(2)
The statistical significance of model from the Figure 5 proves that the values calculated with the predicted equation are much closer to the experimental values.
The results of analysis of variance (ANOVA) (Montgomery ) of the obtained model are presented in Table S2 (available with the online version of this paper). The statistical significance is checked through calculated Fisher's test. F-value is 224.46 and the corresponding probability value is <0.0001. The great F-value and the small Prob value represent significance of corresponding model. As can be seen from the ANOVA, the effects of the independent variables (X 1 , X 2 , X 3 , X 2 1 , X 2 2 , X 2 3 ) are obvious and the effective order is that ozone dosage > initial pH > mole ratio of [H 2 O 2 ]/[Fe 2þ ], but the interactions of the variables (X 1 X 2 , X 2 X 3 , X 1 X 3 ) are not obvious. The values of the correlation coefficient (R 2 ) and adjusted correlation coefficient (R 2 adj ) of the model are 0.9975 and 0.9931, respectively. R 2 is close to R 2 adj and both of them are nearly 1, which indicates that the degree of fitting of the proposed polynomial regression model is high and relative error is little. The variable coefficient of model CV is 0.64% << 10%, revealing the high credibility and precision of experiment, which can be used to optimize the degradation process of Reactive Yellow X-RG well.
Analysis of interactions
In Figure 6 , the response surfaces and contour maps on the degradation of Reactive Yellow X-RG are plotted on two operating variables while the third variable keeps constant (0 level). Figure 6 (a)-6(d) show that pH has significant effectiveness on degradation when ozone dosage and mole ratio of [H 2 O 2 ]/[Fe 2þ ] keep invariant, accordingly. The degradation rate rises and falls as the pH increases.
When pH is lower than 3, H 2 O 2 becomes relatively stable. Meanwhile, the Fe 2þ will consume the O 3 , leading to the oxidization ability of O 3 decreasing. The degradation rate of dye decreased, too.
When pH is higher than 3, H 2 O 2 tends to break down. As the increase of pH, the amount of O 2 in the solution increases.
When pH value is close to neutrality, Fe 2þ is prone to be oxidized to Fe 3þ . The increase of pH thus leads to a decrease of the Fe 2þ availability and limits the reaction between H 2 O 2 and Fe 2þ to form •OH radicals.
Under an alkaline condition,
Brown colloidal will impede the continuity of reaction and lead the degradation rate to decrease. Therefore, the optimal pH values for the degradation of organics range between 2 and 4. Figure 6 (a), 6(b) and 6(e), 6(f) show that mole ratio of [H 2 O 2 ]/[Fe 2þ ] has greater effectiveness on degradation when ozone dosage and pH keep invariant, accordingly. The degradation rate increases initially then decreases. The small quantity of H 2 O 2 cannot provide enough •OH radicals. And the increase in the use of reagents like H 2 O 2 in Fenton method will result in high operational costs. Thus, neither of them is beneficial to remove the pollutant. By comparison, the best mole ratio of [H 2 O 2 ]/[Fe 2þ ] is about 30:1. Figure 6 (c)-6(f) show that ozone dosage has the most obvious effectiveness on degradation when mole ratio of [H 2 O 2 ]/[Fe 2þ ] and pH is kept invariant, accordingly. The more O 3 that is provided, the more •OH radicals that are produced, which leads to greater degradation rate.
The determination of best conditions and model validation
Under the above conditions, Design Expert is used to optimize the experimental process. As can be seen from Table  S3 (available with the online version of this paper), the best condition can be achieved is initial pH 3.68, mole ratio of [H 2 O 2 ]/[Fe 2þ ] 29.19, and ozone dosage 18.49 mg min À1 (5 min treatment). The degradation rate reaches to 86.3%. In addition, as can be seen in Table 2 , it can be found that the relative errors of three groups of experiment results are within 3%. Therefore, it demonstrates that the actual values fit the predictive values well and it proves that this model has a certain practical value during O 3 /Fenton process which is used to treat the water polluted by Reactive Yellow X-RG.
Degradation mechanism
A pathway
The degradation pathways of Reactive Yellow X-RG are relatively complex and involve mainly the oxidative ring-opening reaction, molecular rearrangement, free-radical substitution, isomerization and so on. Degradation products include ketone, phenols, organic acid, hydrocarbon, etc. In this study, GC/MS detector is used to identify the intermediates of Reactive Yellow X-RG degradation and the identified intermediates in different processes are shown in Table 3 . The GC/ MS chromatogram of intermediates of Reactive Yellow X-RG in O 3 /Fenton degradation system can be seen in Figure S1 (available with the online version of this paper). The general possible degradation pathway is proposed on Figure 7 . 
Mechanism analysis of main intermediate
Following the results of the GC/MS measurements performed, we propose the mechanism analysis of main intermediates during the degradation of Reactive Yellow X-RG by O 3 /Fenton. Alternative pathways are tried to explain the formation of intermediate products as follows.
In the first process, Reactive Yellow X-RG would be excitation, then hydrogen or oxygen molecules get the electrons, which come from the excitation of Reactive Yellow X-RG to become the free radicals. Reactive Yellow X-RG is degraded into 1,5-naphthalenedisulfonate (A 1 ), n-phenylacetamide (B 1 ) and 2-amino-4,6-dichlorotriarine (C 1 ).
In the second process,1,5-naphthalenedisulfonate (A 1 ) are degraded into naphthalene (A 2 ) under the acidic condition, then naphthalene are oxidized into 1,3indanedione. Phthalic (A 4 ) acid can be formed through an attack of the •OH radical on supposed ring cleavage 1,3indanedione followed by a decarboxylation reaction. The successive oxidation of phthalic acid produces carbon dioxide and water.
In the third process, N-phenylacetamide (B 1 ) is degraded into aniline (B 2 ) under the attack of the hydrogen radical. Phenol (B 3 ) can be formed through an attack of the •OH radical on aniline, similarly hydroquinone (B 5 ) and catechol (B 4 ) can be produced as a result of a direct ozone attack or a •OH radical attack on phenol.
In the fourth process, intermediate products M 1 can be formed through an 'anomalous ozonation' of p-benzoquinone(B 6 ). The decarboxylation of supposed α-keto acid intermediate products M 1 can be used to explain the formation of acetic acid. Maleic acid (B 7 ) undergoing the successive repetition reaction (1) and (2) turns into oxalic acid (B 8 ), which is then degraded into carbon dioxide and water (Bailey ).
In the fifth process, oxalic acid (B 8 ) would be produced as a result of a direct ozone attack or the attack of •OH radical on catechol (B 4 ) followed by an ozonization reaction (Shen et al. ) .
In the sixth process, the triazine ring (C 1 ) is first affected by H þ and finally converted to hydrazine cyanurate (C 4 ) under attack of •OH radical. There would be part cyanuric acid (C 3 ) which is the structural isomer of hydrazine cyanurate during the transform process (Zhang et al. ) .
